Patients with NF1 microdeletion develop more neurofibromas at a younger age, and have an increased risk of malignant peripheral nerve sheath tumors (MPNSTs). We postulated that the increased risk of malignancy could be due to inactivation, in addition to NF1, of a second tumor suppressor gene located in the typical 1.4-Mb microdeletion found in most of the microdeleted patients. We investigated the expression of NF1, the other 16 protein-coding genes and the 2 microRNAs located in the 1.4-Mb microdeletion by means of real-time quantitative reverse-transcription polymerase chain reaction (RT-PCR) in a large series of human dermal and plexiform neurofibromas and MPNSTs. Five genes were significantly upregulated: OMG and SUZ12 in plexiform neurofibromas and ATAD5, EVI2A and C17orf79 in MPNSTs. More interestingly, two genes were significantly downregulated (RNF135 and CENTA2) in tumor Schwann cells from MPNST biopsies and in MPNST cell lines. This study points to the involvement of several genes (particularly RNF135 and CENTA2) in the increased risk of malignancy observed in NF1-microdeleted patients.
INTRODUCTION
Neurofibromatosis type 1 (NF1) is an autosomal-dominant neurocutaneous disorder affecting 1 in 3,000 individuals worldwide (1) . The NF1 gene, located in chromosome region 17q11.2, was identified by positional cloning; its protein product, neurofibromin, functions as a tumor suppressor (2, 3) . Main clinical characteristics of NF1 include café au lait spots (CALS), Lish nodules, freckling and neurofibromas. These patients are also at an increased risk of both benign and malignant tumors, and NF1 is thus classified as a tumor predisposition syndrome. The most common tumors are benign peripheral nerve sheath tumors (neurofibromas), which vary greatly in both number and size and may be dermal or plexiform (4) .
In contrast to dermal neurofibromas, plexiform neurofibromas can progress to malignant peripheral nerve sheath tumors (MPNSTs) in about 10% of patients with NF1 (5) . MPNSTs are resistant to conventional therapies, and their deepseated position and locally invasive growth hinder complete surgical resection. Both neurofibromas and MPNSTs are heterogeneous tumors mainly composed of Schwann cells (60-80%), together with fibroblasts, mast cells and other cell types. Schwann cells are considered to be the pathogenic cell type of these two tumor types.
Most patients with NF1 have a small mutation in the NF1 gene (point mutation, small deletion, intragenic insertion or duplication). Approximately 5% of NF1 patients have a large rearrangement, classically known as NF1 microdeletion (6) (7) (8) . Most of these microdeleted patients have a germline 1.4-Mb microdeletion encompassing the entire 350-kb NF1 gene, caused by unequal recombination between two highly homologous segments termed NF1 low copy repeats (NF1-REPs) (9) . Genome database analysis indicates that the common NF1 microdeletion region contains at least 16 additional protein-coding genes, 4 pseudogenes and 2 microRNAs (Table 1 and Figure 1 ) (10) . Most of these genes have unknown functions. It is noteworthy that 1 of the 2 microRNAs (has-mir-193a) was recently identified as a tumor suppressor miRNA that is epigenetically silenced in oral squamous cell carcinoma (11) .
NF1-microdeleted patients have a more severe phenotype than the general
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Identification of Genes Potentially Involved in the Increased Risk of Malignancy in NF1-Microdeleted Patients NF1 population. In particular, NF1-microdeleted patients show learning disability, facial dysmorphism and cardiovascular malformations (12) (13) (14) . It has been suggested that OMG and RNF135 haploinsufficiency may be involved in the learning disability, the RNF135 gene in the facial dysmorphism and the SUZ12/JJAZ1 and CENTA2 genes in the cardiovascular malformations (13) (14) (15) . NF1-microdeleted patients have more neurofibromas, at an earlier age, and are also at an increased risk of developing MPNSTs (9, (16) (17) (18) (19) . De Raedt et al. (16) estimated that the lifetime risk of MPNST in NF1-microdeleted patients is almost twice that observed in the general NF1 population. The increased malignancy risk may be explained by variations in the expression of one or several genes (tumor suppressor genes rather than oncogenes) located in the 1.4-Mb microdeletion. Piddubnyak et al. (20) suggested that reduced expression of HCA66 protein, owing to haploinsufficiency of the UTP6/HCA66 gene, could make NF1-microdeleted patients' cells less susceptible to apoptosis.
The aim of this study was to identify candidates for involvement in MPNST tumorigenesis among the 18 additional genes (16 protein-coding genes and 2 microRNA genes) located in the 1.4-Mb microdeletion. Changes in the expression of NF1 and of these 18 genes were analyzed by real-time quantitative reversetranscription polymerase chain reaction (RT-PCR) in a large series of human dermal and plexiform neurofibromas and MPNSTs, as well as in MPNST cell lines.
MATERIALS AND METHODS

Patients and Samples
Samples of 23 dermal neurofibromas, 13 plexiform neurofibromas and 13 MPNSTs were obtained by laser excision (dermal neurofibromas) or surgical excision (plexiform neurofibromas and MPNSTs) from NF1 patients at Henri Mondor Hospital (Creteil, France). The experiments of this work comply with the current French laws. Written informed consent for sample collection and data publication was obtained from all patients or their relatives. The dermal neurofibromas were used as "normal" control samples, since they are not at risk of developing into malignant MPNSTs. Indeed, neurofibromas are heterogeneous benign tumors composed of Schwann cells, fibroblasts, mast cells and other cells and have no "normal" tissue equivalent. Gene expression levels in plexiform neurofibromas and MPNSTs, determined by real-time RT-PCR analysis, were thus expressed relative to the expression levels in dermal neurofibromas. Immediately after surgery, the tumor samples were flash-frozen in liquid nitrogen and stored at -80°C until RNA extraction. The main clinical and histological characteristics of the patients with MPNSTs are shown in Supplemental Table 1 . We also analyzed the seven following MPNST cell lines: NMS-2, NMS-2PC, 88-3, ST88-14, 90-8, S462 and T265. NMS-2 and NMS-2PC were gifts from Dr. Akira Ogose (Niigata University School of Medicine, Niigata, Japan); 88-3, ST88-14 and 90-8 were gifts from Dr. Nancy Ratner (Cincinnati Children's Hospital Medical Center, Cincinnati, OH, USA); S462 was a gift from Dr. Lan Kluwe (University Hospital Eppendorf, Hamburg, Germany); and T265 was a gift from Dr. Georges De Vries (Loyola University, Chicago, OH, USA). MPNST cell lines were grown in RPMI medium supplemented with 15% heat-inactivated fetal bovine serum, 10 IU/mL penicillin and 10 μg/mL streptomycin.
Normal Schwann cells and fibroblasts were obtained by primary cell culture and differential isolation from normal skin and sciatic nerve biopsies, respectively, and using cell culture and isolation conditions as previously described (21) (22) . Normal mast cells were obtained by means of cell culture and various specific purification steps from cord blood-derived human cells, as previously described (23) .
NF1 Alteration Analysis
NF1 alteration analysis (GenBank reference sequence NM_000267.1, www.ncbi.nlm.nih.gov/GenBank) was performed using a variety of NF1 gene screening methodologies including sequencing (for point mutations) and loss of heterozygosity assessment using a series of 17q11.2-linked microsatellite markers (D17S841, D17S635, D17S1307, D17S2163, D17S1166, IVS38-GT53.0, D17S1800 and D17S798). The primer oligonucleotide sequences for microsatellite markers study are given in Supplemental Table 2 .
Real-Time RT-PCR for Protein-Coding Genes
The theoretical and practical aspects of real-time quantitative RT-PCR using the ABI Prism 7900 Sequence Detection System (Applied Biosystems, Foster City, CA, USA) have been described in detail elsewhere (24) . Quantitative values are obtained from the threshold cycle number at which the increase in the fluorescence signal generated by SYBR ® Green dye amplicon complex formation (associated with exponential growth of PCR products) passes a fixed threshold above baseline. The precise amount of total RNA added to each reaction mix (based on optical density) and its quality (that is, lack of extensive degradation) are difficult to assess. We therefore also quanti- (24, 25) . The N target values of the samples were subse- quently normalized such that the mean of the dermal neurofibromas (used as calibrators) N target values was 1. All PCRs were performed with an ABI Prism 7900 Sequence Detection System (Applied Biosystems) and the SYBR Green PCR Core Reagents Kit (Applied Biosystems). Experiments were performed with duplicates for each data point. All patient samples with a coefficient of variation of Ct values >1% were retested. The nucleotide sequences of the oligonucleotide primers used to amplify TBP, RPLP0, MKI67 and the 17 target genes are shown in Table 2 .
R E S E A R C H A R T I C L E
To avoid amplification of contaminating genomic DNA, 1 of the 2 primers was placed at the junction between two exons. For each primer pair, we performed notemplate control and no-reverse-transcriptase control assays, which produced negligible signals (usually Ct >40), suggesting that primer-dimer formation and genomic DNA contamination effects were negligible. The conditions of RNA extraction, cDNA synthesis and PCRs are described elsewhere (24) .
Real-Time RT-PCR for Mature miRNAs
MicroRNAs were isolated as described above for the protein-coding genes, and the expression of specific mature miRNAs (hsa-mir-365-2 and has-mir-193a) was quantified with real-time PCR and Human TaqMan ® MicroRNA assay kits according to the manufacturer's protocol (Applied Biosystems). U44 small nucleolar RNA was used as an internal control to normalize RNA input in the real-time RT-PCR assay. Expression of this endogenous control was measured with the TaqMan Endogenous Control RNU44 kit.
Statistical Analysis
Because the mRNA (and microRNA) levels did not fit a Gaussian distribution, the mRNA (microRNA) levels in each subgroup of samples were expressed as medians and ranges rather than as means and coefficients of variation and relationships between the molecular markers and clinical and biological parameters were tested with the nonparametric Mann-Whitney U test (26) . Differences between two populations were considered significant at confidence levels >95% (P < 0.05).
All supplementary materials are available online at www.molmed.org.
RESULTS
NF1 Mutation Analysis
Germline NF1 mutations and loss of heterozygosity assessment in plexiform neurofibromas and MPNSTs of the study NF1 patients are summarized in Supplemental Table 3 .
RNA Expression of NF1, the Other 16 Protein-Coding Genes and the 2 MicroRNAs
Very low levels of LOC646021 and LOC646037 mRNA-detectable but not reliably quantifiable by real-time quantitative RT-PCR (mainly based on fluorescence SYBR Green methodology; Ct >32)-were observed in dermal and plexiform neurofibromas and MPNSTs. Table 3 shows the median mRNA levels (and ranges) of the remaining 15 protein-coding genes and the two microRNAs in the three groups of tumor samples. For each gene, mRNA levels were normalized such that the median value of the 23 dermal neurofibromas was 1. Table 3 also shows the mRNA levels of the MKI67 gene encoding Ki-67, a large protein of unknown function classically used as a histopathological marker of cell proliferation.
C A N C E R G E N E S I N N F 1 -M I C R O D E L E T E D P A T I E N T S
OMG and SUZ12 were significantly upregulated in the plexiform neurofibromas compared with the dermal neurofibromas, whereas ATAD5, EVI2A and C17orf79 were specifically upregulated in the MPNSTs.
The CENTA2, RNF135 and EVI2B genes were significantly downregulated in MPNSTs but not in plexiform neurofibromas. The other genes, including NF1 and the two microRNAs (hsa-mir-365-2 and has-mir-193a), were not significantly altered in plexiform neurofibromas or MPNSTs. Figure 2 shows the mRNA levels of the three downregulated genes (CENTA2, RNF135 and EVI2B) in each neurofibroma and MPNST sample. The only grade I MPNST (MP6; see Supplemental Table 1 ) did not show a decreased expression of CENTA2, RNF135 and EVI2B (Figure 2) . It is noteworthy that 3 of the 13 patients with MPNSTs (MP1, MP3 and MP9; see Supplemental Table 3 ) had a known germline microdeletion of NF1. Interestingly, the mRNA levels of CENTA2, RNF135 and EVI2B were low in these three MPNSTs: the R CENTA2 , R RNF135 and R EVI2B values (calculated as described in Materials and Methods) were respectively 0.15, 0.49 and 0.41 in MP1; 0.28, 0.49 and 0.30 in MP3; and 0.23, 0.42 and 0.37 in MP9 (Figure 2) . Table 3 shows the mRNA abundance of the 15 protein-coding genes (calculated as described in "Materials and Methods") relative to the endogenous control (TBP) used to normalize the starting amount and quality of total RNA. Similar results were obtained with a second endogenous control, RPLP0 (data not shown).
mRNA Expression of CENTA2, RNF135 and EVI2B in Normal Human Cells
Neurofibromas and MPNSTs are heterogeneous tumors mainly composed of Schwann cells (60-80%), together with fibroblasts, mast cells and other cells. We have previously observed a depletion of mast cells and fibroblasts during malignant transformation of plexiform neurofibromas into MPNSTs (27, 28) .
If CENTA2, RNF135 and EVI2B were mast cell or fibroblast specific, then a lower abundance of mast cells or fibroblasts in MPNSTs relative to neurofibromas could explain the observed underexpression of these three genes in MPNSTs. To investigate the cellular specificity of CENTA2, RNF135 and EVI2B expression, we analyzed the mRNA levels of these three genes by means of real-time RT-PCR in normal Schwann cells, fibroblasts and mast cells. CENTA2 and RNF135 were similarly expressed in the three cell types (Figure 3 ). In contrast, EVI2B was far more weakly expressed in Schwann cells than in fibroblasts, possibly explaining the observed underexpression of this gene in MPNSTs (Table 3) .
mRNA Expression of CENTA2 and RNF135 in Seven NF1-Associated MPNST Cell Lines
The expression level of CENTA2 and RNF135 was determined in seven wellcharacterized NF1-associated MPNST cell lines, namely NMS-2, NMS-2PC, 88-3, ST88-14, 90-8, S462 and T265 (Figure 4) .
CENTA2 was downregulated in all seven MPNST cell lines (more than three-fold less than the median value in the 23 dermal neurofibroma samples), whereas RNF135 was downregulated in only four MPNST cell lines (88-3, 90-8, S462 and T265).
DISCUSSION
Patients with NF1 microdeletions have an increased risk of developing MPNST (9, (16) (17) (18) (19) . We postulated that the increased risk of malignancy might be explained by variations in the expression of one or several genes located in the 1.4-Mb microdeletion. We focused on in- activation of putative tumor suppressor rather than on oncogene activation. We therefore examined the expression of NF1, the other 16 protein-coding genes and the 2 microRNA genes located within the 1.4-Mb deletion by means of real-time quantitative RT-PCR in a large series of dermal and plexiform neurofibromas and MPNSTs.
Several genes were significantly upregulated only in the plexiform neurofibromas (OMG and SUZ12) or only in the MPNSTs (ATAD5, EVI2A and C17orf79). Among these five putative oncogenes, C17orf79 showed the strongest upregulation in the seven NF1-associated MPNST cell lines tested; its expression was twoto nine-fold higher than in the dermal neurofibromas (data not shown). The function of 3 of these 5 genes (ATAD5, EVI2A and C17orf79) is unknown. The other 2 genes (OMG and SUZ12) are good candidates for involvement in NF1 tumorigenesis. It is noteworthy that these 2 genes are upregulated in plexiform neurofibromas but not in MPNSTs, suggesting that they are more specifically involved in the development of plexiform neurofibromas (Table 3) . OMG, which is located in an antisense orientation within intron 27b of the NF1 gene, encodes the oligodendrocyte-myelin glycoprotein, 1 of 3 known Nogo receptor ligands (29) . However, our observation of OMG mRNA upregulation in plexiform neurofibromas is consistent with a positive effect of OMG on cell proliferation. However, this is difficult to reconcile with evidence suggesting that OMG is a tumor-suppressor gene and that its overexpression blocks mitogenic signaling in NIH3T3 fibroblasts (30) .
SUZ12, the second gene found to be upregulated in plexiform neurofibromas, has a known function and is a good candidate oncogene. Indeed, SUZ12 encodes a major polycomb regulator that is preferentially activated during embryonic stem cell differentiation (31, 32) . SUZ12 is overexpressed in a broad spectrum of human tumors (33) . SUZ12 upregulation is accompanied by the recruitment of DNA methyltransferases and by DNA hypermethylation, resulting in the silencing of important tumor suppressor genes (34) . Interestingly, recurrent chromosomal translocationt(7;17)(p15;q21)-involving SUZ12 (located at 17q21) has been detected in approximately one-half of endometrial stromal sarcomas, malignancies that derive from mesenchymal tissue (35) . The authors of this latter study suggested a genetic pathway for progression of a benign precursor to a sarcoma, involving increased cell survival associated with acquisition of a SUZ12 rearrangement.
Our present findings (that is, gene overexpression in plexiform neurofibromas and MPNSTs) are consistent with a model in which the overexpressed genes promote proliferation and thus act as oncogenes. The upregulation of these five putative oncogenes during NF1 tumorigenesis is probably due to a molecular mechanism independent of the NF1 microdeletion. However, we cannot rule out the possibility that the 1.4-Mb region contains an unknown negative regulator of gene transcription (such as an unidentified noncoding RNA gene), which would be inactivated by deletion and upregulate neighboring oncogenes. It is noteworthy that the two microRNAs (hsa-mir-365-2 and has-mir-193a) located in the NF1 microdeleted region and analyzed in this study were normally expressed in the plexiform neurofibromas and MPNSTs.
More interestingly, three genes (RNF135, CENTA2 and EVI2B) were significantly downregulated in MPNSTs, a finding compatible with a role as tumor suppressor genes. EVI2B was expressed more strongly by fibroblasts than by Schwann cells and mast cells, suggesting that the observed underexpression of this gene was due to a lower abundance of a particular cell type (likely fibroblasts in the present case) in MPNSTs, as previously described (28) .
Concerning the other two downregulated genes, we observed that CENTA2 was more strongly underexpressed than RNF135 in MPNSTs ( Figure 2 ) and in MPNST cell lines (Figure 4) . It is noteworthy that CENTA2 underexpression was recently described in two MPNSTs as compared with four plexiform neurofibromes (36) .
The RNF135 gene encodes a putative 432-amino acid protein of unknown function. This protein contains a RING finger domain, a motif present in a variety of functionally distinct proteins and known to be involved in protein-protein and protein-DNA interactions. Interestingly, Douglas et al. (15) recently identified RNF135 mutations in families characterized by overgrowth, learning disability and dysmorphic features and demonstrated that RNF135 haploinsufficiency contributes to several features of the phenotype of NF1-microdeleted patients. The possible role of RNF135 in the increased risk of MPNST is unknown, but it is conceivable that the growth-promoting effects of RNF135 haploinsufficiency are involved.
CENTA2 encodes the recently described protein centaurin-α2 and forms with p42IP4/centaurin-α1, a protein family with strong homology and the same overall protein structure (37) . Cen- 
